Bacillus circulans WL-12, isolated as a yeast cell wall-lytic bacterium, secretes a variety of polysaccharidedegrading enzymes into culture medium. When chitinases of the bacterium were induced with chitin, six distinct chitinase molecules were detected in the culture supernatant. These chitinases (Al, A2, Bi, B2, C, and D) showed the following distinct sizes and isoelectric points: Mr 74,000, pl 4.7 (Al); Mr 69,000, pl 4.5 (A2); Mr 38,000, pl 6.6 (Bi); Mr 38,000, pl 5.9 (B2); Mr 39,000, pl 8.5 (C); and Mr 52,000, pl 5.2 (D). Among these chitinases, Al and A2 had the highest colloidal-chitin-hydrolyzing activities. Chitinase Al showed a strong affinity to insoluble substrate chitin. Purified chitinase Al released predominantly chitobiose [(GlcNAc)2] and a trace amount of N-acetylglucosamine (GlcNAc) from colloidal chitin. N-terminal amino acid sequence analysis of chitinases Al and A2 indicated that chitinase A2 was generated from chitinase Al, presumably by proteolytic removal of a C-terminal portion of chitinase Al. Since chitinase A2 did not have the ability to bind to chitin, the importance of the C-terminal region of chitinase Al to the strong affinity of chitinase Al to substrate chitin was suggested. Strong affinity of the chitinase seemed to be required for complete degradation of insoluble substrate chitin. From these results, it was concluded that chitinase Al is the key enzyme in the chitinase system of this bacterium.
acetylglucosamine (GlcNAc) , is one of the most abundant polysaccharides in nature. It is a common constituent of insect exoskeletons, shells of crustaceans, and fungal cell walls. These organisms containing constituent chitin produce chitinases (EC 3.2.1.14). Some other organisms which do not contain constituent chitin also produce chitinases. For example, chitinase activity has been found in a wide variety of bacteria (4, 11, 15) and actinomycetes (6, 13) . Higher plants also produce chitinases in response to microbial infection and some injuries (3, 12) . The production of chitinases by plants has been suggested to be a part of their defense mechanism against fungal pathogens. These observations imply the significance of chitinase in ecological interactions between organisms.
Although the production of chitinases by a number of microorganisms has been reported, information concerning the mechanisms for degradation and utilization of chitin by microorganisms is still far from complete. Bacillus circulans WL-12, identified as being lytic for yeast and fungal cell walls (8, 16, 18) , is one of the bacteria which secrete chitinases into culture media (17) . The chitinases of this bacterium play a crucial role in hydrolyzing yeast and fungal cell walls. In this paper, we describe the enzyme system of this bacterium which is involved in the degradation and utilization of the insoluble substrate chitin.
MATERIALS AND METHODS
Bacterial strain and growth conditions. B. circulans was grown in L-broth medium for 18 h at 30°C as the preculture. Usually, optical density at 600 nm reached 1.1 under these conditions. A portion of the preculture was inoculated into yeast-nitrogen base (YNB) medium (Difco Laboratories, Detroit, Mich.) containing 0.2% (wt/vol) chitin and 0.5% yeast extract and incubated at 30°C with shaking.
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Preparation of crude enzyme from culture fluid of B. circulans WL-12. Cells of B. circulans WL-12 were grown at 30°C for 24 to 96 h in YNB medium containing 0.2% chitin and 0.5% yeast extract, as described above. After centrifugation to remove cells and debris, the supernatant was concentrated to about 1/10 of the original volume by ultrafiltration (Minitan ultrafiltration system; Millipore Corp., Bedford, Mass.). Ammonium sulfate was added to the concentrated fluid to achieve 80% saturation. The precipitate was dissolved in 0.02 M sodium phosphate buffer (pH 6.0) and dialyzed overnight against the same buffer.
Purification of chitinase Al. Lyophilized crude enzyme prepared from 1 liter of the culture fluid (24 h of cultivation) was dissolved in 40 ml of 0.1 M sodium phosphate buffer (pH 6.0) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). Ammonium sulfate was added to the crude enzyme solution to achieve 40% saturation. The precipitate formed was dissolved in 5 ml of the same buffer containing PMSF and dialyzed overnight against the buffer. A 6-ml volume of regenerated-chitin suspension (14 mg/ml) and a 15-ml volume of 1 M sodium chloride containing 1 mM PMSF were added to the dialysate, and the final volume was adjusted to 30 ml by adding buffer. The mixture was left on ice for 1 h and centrifuged for 15 min at 20,000 x g to remove unadsorbed proteins. The pellet was washed extensively with 30 ml of buffer and finally suspended in 15 ml of buffer. The suspension was incubated for 4 h at 30°C with gentle shaking to digest regenerated chitin with the adsorbed chitinase Al. The resulting cleared solution was centrifuged, and the supernatant was dialyzed against the buffer and lyophilized. The lyophilized chitinase Al was dissolved in a small volume of the buffer and subjected to two cycles of Sephadex G-100 gel filtration column (1.5 by 120 cm) chromatography for further purification.
Isoelectric focusing. Activity profiles of the crude enzymes were obtained with Ampholine electrofocusing equipment 4018 WATANABE ET AL.
(LKB 8100-10; LKB Instruments AB, Sweden), as described previously (19) .
SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 1o slabs was carried out as described by Ames (1) , with the buffer system of Laemmli (9) . After electrophoresis was completed, renaturation of the enzymes and detection of chitinase activity in the gel were carried out as described previously (19) , except that 0.05% glycol chitin was included in the agarose gel sheet instead of pachyman and 0.1 M sodium phosphate buffer (pH 6.0) was used throughout the procedure.
Enzyme assay. Chitinase activity was measured by a modification of the Schales procedure (7) The elution was monitored by measuring UV A215 with a
Waters Lambda-Max model 481 LC spectrophotometer. N-terminal amino acid sequence analysis. Partially purified chitinase A2 was further purified by SDS-PAGE. N-terminal amino acid sequences of purified proteins of chitinases Al and A2 were determined as described previously (19a) .
Chemicals. Chitin and chitosan were purchased from Funakoshi Chemical Co., Ltd. (Tokyo, Japan). Glycol chitin and colloidal chitin used in the chitinase assay were prepared from chitin by the methods described by Yamada and Imoto (20) and Berger and Reynolds (2), respectively. Regenerated chitin for chitinase adsorption was prepared from chitosan by the method of Molano et al. (10) . This method is a modification of the method of Hirano et al. (5) . Oligomers of GlcNAc were obtained from Seikagaku Kogyo Co., Ltd. (Tokyo, Japan). 4-MU oligosaccharides of GlcNAc were purchased from Sigma Chemical Co., St. Louis, Mo.).
RESULTS
Chitinase production by B. circulans WL-12. Production of chitinase by B. circulans WL-12 with fungal cell walls as inducer substrates has been demonstrated previously (17) . To simplify the experimental system in this study, we employed chitin as an inducer substrate instead of fungal or yeast cell walls. The production of chitinase during cultivation in YNB medium with various supplements was measured by the modification of the procedure of Schales with glycol chitin as an assay substrate. Chitinase activity in cultural fluid reached its maximum at day 3 of cultivation in YNB medium containing yeast extract and chitin. When the chitin in the medium was replaced with glucose or pachyman (a ,-1,3-glucose polymer), the production of chitinase decreased to less than 1/10 of its level with chitin in the medium.
The crude enzymes prepared from day 1 to day 4 culture fluid were analyzed by isoelectric focusing (Fig. 1A) . Two major peaks at pls 6.6 (peak IV) and 5.2 (peak II) and two minor peaks at pIs 8.5 (peak V) and 5.9 (peak III) were observed at day 1 of cultivation. At day 2 of culture, peak II disappeared and peak III became larger. During further cultivation, the activity of peak IV decreased and that of peak III increased. Two small peaks, peak I and peak V (pl 4.5), did not change very much throughout the cultivation.
When chitinase activities were measured with colloidal chitin and 4-MU oligosaccharide as the substrates for chitinase assay, the activity profiles were very different. Figure  1B shows the activity profiles of the crude enzyme prepared from day 2 culture supernatant measured with colloidal chitin, 4-MU-(GlcNAc)2, and 4-MU-(GlcNAc)3 as the substrates for chitinase assay. Chitinase of peak V exhibited the highest activity toward 4-MU-(GlcNAc)2, 4-MU-(GlcNAc)3, and colloidal chitin. On the other hand, chitinases of peak II and peak III did not show significant activity toward colloidal chitin, 4-MU-(GlcNAc)2, or 4-MU-(GlcNAc)3. These results indicate that the chitinase system of the bacterium consists of diverse chitinases with different substrate specificities.
SDS-PAGE analysis of chitina. Peak fractions obtained by isoelectric focusing of the crude enzyme prepared from day 2 culture supernatant was analyzed by SDS-PAGE (Fig.  2 ). Chitinase activities were restored after SDS-PAGE and detected by the degradation of glycol chitin in the agar replica. A total of six distinct chitinases with different sizes, two in peak I and one in each of peaks II, III, IV, and V, were detected. These chitinases were designated Al (pl 4.7, Mr 74,000), A2 (pl 4.5, Mr 69,000), Bl (pl 6.6, Mr 38,000), B2 (pl 5.9, Mr 38,000), C (pl 8.5, Mr 39,000), and D (pI 5.2, Mr 52,000). Migration of Bi in SDS-PAGE was slightly slower than that of B2. The amounts of chitinases Al and D were greatest at day 1 of cultivation and decreased rapidly during further cultivation (data not shown). Because of the rapid decrease, a protein band of chitinase D was not always detected in the day 2 culture supernatant. These six chitinases were the major components detected in the culture supernatant of B. circulans WL-12.
Chitin adsorption and purification of chitinase Al. We assume that the chitinase with the strongest affinity to chitin among the six chitinases of B. circulans WL-12 is important in the early phase of chitin degradation and utilization by this bacterium. To find out which chitinase has the strongest affinity to chitin, adsorption of chitinase to chitin was tested with crude enzyme prepared from day 2 culture supernatant. Among five chitinases (Al, A2, Bi, B2, and C) found in the day 2 culture supernatant, only chitinase Al had strong affinity to chitin (Fig. 3) . Thus, it is likely that chitinase Al is important in the early phase of chitin degradation. Although chitinase D also has a strong affinity to chitin, it was not visible because the amount of chitinase D was so small.
By taking advantage of its strong affinity to chitin, chitinase Al was purified. Since the largest amount of chitinase Al was detected in the day 1 culture supernatant, the crude enzyme of day 1 culture supernatant was employed as the starting enzyme preparation. After ammonium sulfate precipitation, chitinase Al was adsorbed to chitin, and digestion of chitin by adsorbed chitinase Al was carried out as described in Materials and Methods. This step of purification was very effective, and most of the proteins other than chitinase Al were removed in this step (Fig. 3) . Chitinase Al was further purified by two cycles of Sephadex G-100 gel filtration chromatography. The chromatographic pattern of the second cycle of gel filtration is shown in Fig. 4A . The peak fraction detected by chitinase assay with colloidal chitin as an assay substrate was collected and analyzed by SDS-PAGE. Chitinase Al in the fraction was homogeneous both in protein and in chitinase activity (Fig. 4B) . Recovery of the chitinase activity measured with colloidal chitin as an J. BACTERIOL. assay substrate was 2%, and the increase of specific activity was approximately 10-fold.
Enzymatic property of purified chitinase Al. Optimum pH and temperature, determined by measuring free 4-MU generated from 4-MU-(GlcNAc)2, were 5.0 and 60°C, respectively.
The hydrolysis products from various oligomers of GlcNAc and colloidal chitin produced by chitinase Al were determined. (GlcNAc)2 and a trace amount of GlcNAc were produced from both (GlcNAc)4 and (GlcNAc)6 by chitinase Al. (GlcNAc)2 and GlcNAc were produced from (GlcNAc)3 and (GlcNAc)5. (GlcNAc)2 was not hydrolyzed by chitinase Al. From colloidal chitin, predominantly (GlcNAc)2 and a small amount of GlcNAc were generated. Essentially, no oligosaccharides larger than (GlcNAc)3 were detected during the reaction (data not shown). Decrease in optical density of the reaction mixture containing colloidal chitin was accompanied by generation of a considerable amount of reducing sugar (data not shown). For example, 30 min of incubation decreased optical density by 50%, and the reducing sugar, essentially (GlcNAc)2, generated during the incubation corresponded to approximately 50% of the colloidal chitin present in the reaction mixture.
These results suggest that an exo-type action of chitinase Al was splitting (GlcNAc)2 units from the nonreducing end.
N-terminal amino acid sequences of chitinases. Chitinase A2 was partially purified by chitin column chromatography of the crude enzyme obtained from day 3 culture supernatant. Although chitinase A2 did not bind to chitin, as described above, it appeared to have a weak affinity to chitin, probably to the catalytic site of the enzyme. Chromatographic patterns varied depending on the preparation of crude enzyme; however, in most of the experiments, chitinase A2 was eluted separately from the rest of the proteins in the crude enzyme (Fig. 5) Pealk and the edge of the zone was fuzzy (Fig. 7) . Thus, the Frnt Io l binding ability of chitinase appeared to be important for the )tained by isocomplete degradation of insoluble substrate chitin.
Thitinase (Chi) crylamide gel. chitin chains (14) . Chitinase Al produced predominantly (GlcNAc)2 from colloidal chitin, oligomers larger than (GlcNAc)3 were not detectable during the reaction, and a significant amount of reducing sugar was detected along with the decrease in optical density of colloidal chitin. These results are consistent with the term exochitinase that Robbins et al. proposed. However, the results obtained by using 4-MU-(GlcNAc)2 and 4-MU-(GlcNAc)3 were contradictory.
A If chitinase Al is an exochitinase, the products from 4-MU-(GlcNAc)3 would be predicted to be (GlcNAc)2 and 4-MU GIcNAc. A fluorescent compound, free 4-MU would not be expected to be generated from 4-MU-(GlcNAc)3. However, the rate of formation of free 4 MU from 4-MU-(GlcNAc)3 was approximately 10 times greater than that from 4-MU-(GlcNAc)2. We think that chitinase Al actually degrades chitin by an exo-type action, releasing (GlcNAc Chitinase A2 appeared to be derived from chitinase Al, as described above. A remarkable difference between the two chitinases in affinity to insoluble substrate chitin was found. Chitinase Al was strongly adsorbed to chitin, but chitinase A2 was not. The difference in the sizes of the two chitinases is approximately 5 kilodaltons, approximately 1/15 the size of chitinase Al. Since N-terminal amino acid sequences were conserved in the two chitinases, proteolytic removal of the amino acid sequence must have occurred in the Cterminal portion of chitinase Al. Thus, it was suggested that the C-terminal portion of chitinase Al is important for the strong affinity of chitinase Al to insoluble substrate chitin. Recently, we have cloned the chiA gene, which encodes the precursor of chitinase Al, into Escherichia coli, and the nucleotide sequence of the gene was determined (T. Watanabe, K. Suzuki, W. Oyanagi, and H. Tanaka, submitted for publication). Manipulation of the gene will provide detailed information on the binding and activity domains of chitinase Al. FIG. 7 . Clearing zones of colloidal chitin formed by chitinases (Chi) Al and A2. Paper disks soaked with chitinases Al and A2 were placed on a 1.5% agar plate containing 0.4% colloidal chitin and 0.02 M sodium phosphate buffer (pH 6.0). The plate was incubated at 37°C for 16 h and stained with 0.1% Congo red solution.
